Abstract: We present highly efficient time-lenses for orthogonal polarized signal waves with a specific state of polarization. Our four-wave mixing based time-lenses exploit polarization mode dispersion to compensate for chromatic dispersion. The results reveal that the efficiency of the time-lens is increased fivefold for both states of polarization. We also compensate for any polarization-dependent losses in the system by tailoring the pump state of polarization. Our time-lenses can be implemented in current telecommunication systems together with polarization division multiplexing in order to reach higher bandwidth.
Introduction
Telecommunication systems require increasing capacity to handle the exponential growth in bandwidth demand [1] . Several routes for increasing the bandwidth of current networks are being investigated [1] . Among them is polarization division multiplexing which doubles the capacity of communication systems by transmitting two orthogonal polarized signals on a single channel [2] . Another route for increasing the bandwidth is optical signal processing by time-lenses, which removes electronic bottlenecks from the network [3] , [4] . However, current time-lenses, which are based on four-wave mixing, are polarization dependent and, therefore, can not be implemented together with polarization division multiplexing [5] - [7] .
We present efficient time-lenses designed for inputs composed from two orthogonally polarized signals. Such time-lenses can be implemented together with polarization division multiplexing for improved telecommunication systems. The time-lens efficiency is increased fivefold by tailoring the pump wave state of polarization, so the polarization mode dispersion compensates for the chromatic dispersion [8] , [9] . We also demonstrate how our time-lens compensates for polarization dependent losses along the telecommunication system. We note that our time-lens is designed for a specific input states of polarization and it is not a polarization insensitive time-lens.
Previous works on vectorial non-linearities suggested polarization independent FWM schemes based on two pump waves [7] , [10] , [11] . However, for time-lenses, where the relative phase between the idler waves is important, it is essential to base the time-lens on a single pump wave. We believe that such time-lenses can increase the bandwidth of current telecommunication systems and open an alternative route toward wide-bandwidth networks. With our time-lens, it is possible to investigate the output of lasers with two orthogonally polarized pulses such as fiber lasers with polarization instabilities or Raman coupled lasers [12] , [13] . Also, our time-lens can lead to optical processing of orthogonal signals where the relative phase between the signals is important as is the case in quantum cryptography [14] .
Theoretical Background
Temporal optics rises from the duality between diffraction and dispersion [15] , [16] . Similar to a spatial lens which impart a quadratic phase shift in space, a time-lens imparts a quadratic phase shift in time on an input signal [16] - [19] . Time-lenses which are based on the four-wave mixing (FWM) process imparts a significantly larger phase shift [17] - [22] . Therefore, such time-lenses were implemented for compressing and stretching signals [4] , for time-to-frequency mapping [23] , [24] and for temporal cloaking [20] . In such time-lenses, an idler wave (E i ) is generated in a nonlinear process between a pump wave (E p ) and a signal wave (E s ) according to
where χ (3) is the third order nonlinear susceptibility of the material. The pump wave is chirped so its frequency changes linearly in time, which is equivalent to a quadratic phase shift. So, the resulting idler equals to the signal wave multiply by a quadratic phase shift.
The process of FWM is fast, robust, highly efficient, and impose strong phase changes. However, the FWM process is sensitive to the relative state of polarization of the signal wave compared to the pump wave. Thus, only the projected component of the signal state of polarization on the pump state of polarization interacts to produce the idler wave. Therefore, in a Poincare sphere representation, where orthogonal polarizations are denoted by anti-parallel Stokes vectors, the idler wave obeys
where θ denotes the angle between the Stokes vectors of the signal and the pump waves, as presented in the inset of Fig. 1 . We measured the FWM efficiency as a function of the relative state Each point is colored according to the FWM efficiency when the pump state of polarization is oriented toward that point in the Poincare sphere. Black dots denote the polarization orientation of the signal, and white dots denote the pump which gives the highest efficiency. The first and second columns present the efficiency when the input signal is S 1 and S 2 , respectively, and the third column is the combined efficiency. In the first row, the polarization mode dispersion (PMD) is set to 0, and at the second and third rows, the PMD is set to 0.02 and 0.1 ps/ √ km, respectively.
of polarization between the signal and the pump waves and present the results in Fig. 1 . As evident, the relative efficiency as a function of cos(θ) follows a linear curve as predicted by Eq. (2) [25] , [26] . Thus, in time-lenses for signals composed from orthogonal polarized waves, the pump state of polarization should be between the two signals states of polarization, namely θ = π/2 regardless of ϕ. Thus, obtaining 50% FWM efficiency for both polarized signal waves. These results are illustrated on the first row in Fig. 2 . Every point on the Poincare sphere is colored according to the FWM efficiency for a pump oriented toward that state of polarization where red represent high efficiency and blue low efficiency. We assume, without loss of generality, that the polarization of one signal wave, S 1 , is oriented toward the north pole, while the other signal wave, S 2 , is oriented toward the south pole, which are the right circular and left circular states of polarization, respectively. Fig. 2(a) presents the FWM efficiency for every state of polarization of the pump, when the input signal wave is S 1 and its state of polarization is denoted by the black dot. The pump state of polarization which gives the highest efficiency is denoted by P 1 as the white dot. The results are consistent with Eq. (2) and Fig. 1 and state that the most efficient FWM process rise when the pump state of polarization is parallel to the signal state of polarization. Fig. 2(b) presents the same calculations for signal wave S 2 , with similar results oriented toward the south pole. Fig. 2(c) presents the combined efficiency when both signal waves enter simultaneously into the FWM process. Here the combined efficiency is constant regardless of the pump state of polarization due to the linear curve in Fig. 1 , so if the pump state of polarization is closer to one signal wave it is farther from the other one. However, to obtain equal efficiency of 50% from both signals, the pump state of polarization should be oriented toward the equator which represents linear states of polarization. The efficiency does not depends on the orientation of the linear polarization of the pump wave since it has the same efficiency along the equator.
When considering chromatic dispersion along the nonlinear fiber, the maximal FWM efficiency drops since the pump and the signal waves travel in different speeds and cannot overlap along the entire nonlinear fiber [8] . However, different states of polarization travel in different speeds as well, which is known as polarization mode dispersion (PMD) [27] . Thus, shifting the pump state of polarization so it will not be parallel to the signal state of polarization can compensate for the chromatic dispersion in the nonlinear fiber, so the pump and the signal waves will travel in the same speed which will increase the FWM efficiency [9] . These results are presented in the second and third rows of Fig. 2 , where for the second row we included a PMD of 0.02 ps/ √ km and for the third row a PMD of 0.1 ps/ √ km. The results of (d) and (e) reveal that the pump state of polarization with the highest efficiency is not parallel to the signal state of polarization anymore, but is shifted toward a preferable longitude. Thus, as presented in (f), now there is a preferable state of polarization for the pump when considering both signals together, namely a preferable ϕ. When increasing the PMD to 0.1 ps/ √ km, as presented in (g) and (h), the polarization of the pump with the highest efficiency shifts farther away from the signals states of polarization. Then, the combined efficiency for both signals at the preferable state of polarization is five times higher than the one at the lowest efficiency, as presented in (i).
With our method, it is possible to improve the time-lens efficiency as long as the signal wave state of polarization is not the principle states of polarization of the fiber. However, when the chromatic dispersion increases above the polarization mode dispersion, the efficiency improvement drops. We also note that higher order polarization mode dispersion can introduce chirping to the pump and the signal waves which can also reduce the efficiency of the time-lens.
Experimental Setup and Results
We build a time-lens in a 2-f configuration, for time-to-frequency conversion, designed for orthogonal polarized signal waves. Schematics of the experimental setup are presented in Fig. 3 . A short pulse of 40 nm (FWHM) and a pulse width of 80 fs divides into a pump wave with a wavelength of 1531 ± 6.5 nm and a signal wave with a wavelength of 1551 ± 6.5 nm. The signal wave splits into two pulses with orthogonal states of polarization and a temporal separation of τ s = 15 ps by a polarizing beam splitter and mirrors on accurate translation stages separated by 2.2 mm. The Stokes vectors of the two signal pulses are: (0.45, 0.06, 0.89) and (−0.44, −0.36, −0.82). The pump and the signals are chirped by dispersion compensating fibers of 216 m and 100 m lengths (Thorlabs DCF-38) into a 40 ps and a 15 ps Gaussian pulses width, respectively. The pump pulse was timed between the two signal pulses for equal overlapping between each signal pulse and the pump wave. Then, the signal and the pump waves interact in a 1 km highly nonlinear fiber (OFS standard HNLF) and the resulting idler wave is measured with an optical spectrum analyzer.
The measured idler spectrum, presented in the inset of Fig. 3 , is composed from two peaks separated by λ i = 3.68 nm generated from time-to-frequency conversion of the two temporal peaks in the signal wave τ s = 15 ps. These results agree with [28] 
where λ s and λ i are the wavelength of the signal and the idler waves respectively, D is the dispersion of the fiber and L is the length of the fiber. The intensity of the two idler peaks indicates the FWM efficiency where an efficient time-lens aims for higher and equal peaks. We measured the FWM efficiency for each of the signal wave as a function of the pump wave state of polarization and present it in Fig. 4 . Each point on the Poincare sphere is colored according to the FWM efficiency when the pump state of polarization is oriented toward this point. Red indicates high efficiency while blue indicates low efficiency. Fig. 4(a) presents the FWM efficiency as a function of the pump state of polarization when the input signal wave is S 1 (black dot). The pump state of polarization with the highest efficiency is denoted as P 1 (white dot). Fig. 4(b) presents the same measurements for S 2 which is orthogonally polarized to S 1 . Fig. 4(c) presents the combined efficiency for both signal waves together. To obtain equal FWM efficiency for both signal waves the pump state of polarization is oriented toward a curve between the two signals which is presented as the black curve. We plotted the FWM efficiency as a function of the orientation along the black curve and present it in Fig. 5 . The results reveal that when the pump state of polarization is oriented at 0.45π the efficiency is five times higher than the efficiency when the polarization is oriented at π. Here, both idler waves have almost the same state of polarization; nevertheless, by resorting to polarization maintaining non-linear fiber with higher PMD, we hope to demonstrate idler waves with different states of polarization.
Finally, in many cases, the intensities of the two orthogonal signal waves are unequal due to polarization dependent losses, we show how our time-lens can compensate for such polarization dependent losses. We denote the intensities of the two signals as I s1 and I s2 and define the normalized difference between them as I = (I s1 − I s2 )/(I s1 + I s2 ). Measured results of the FWM efficiency when I = 0.5 are presented in the inset of Fig. 6 . As evident, the peak efficiency is shifted above the black curve, and in this pump state of polarization both idler waves have the same intensity although the unbalance in the signal waves intensities. We measured the angle θ as a function of I and present it in Fig. 6 . As evident, by shifting the pump state of polarization from the black curve it is possible to compensate for any polarization dependent losses with our time-lens and obtain idler waves with equal intensities.
Summary and Conclusion
To conclude, we developed an efficient time-lens for signals composed from orthogonally polarized waves. We showed how the efficiency can be increased fivefold by tailoring the pump wave state of polarization. The time-lens is based on compensating for the chromatic dispersion in the nonlinear fiber by exploiting polarization mode dispersion. We present calculated results to support our findings and showed that our time-lens can also compensate for any polarization dependent losses along the telecommunication system. Our time-lens can be implemented in current telecommunication systems together with polarization division multiplexing in order to reach higher bandwidth. Also, our time-lens can investigate pulsed lasers with two polarized pulses and can process signals composed from two orthogonal polarizations where the relative phase is important.
